A modified version of the usual soft wall quadratic dilaton, a dilaton which catches the variation of the proton mass inside nucleons in the nuclear medium is used. With this dilaton, called nuclear dilaton, we have calculated the electromagnetic form factors and magnetic moments associated with the in-medium proton following the AdS/QCD prescription.
I. INTRODUCTION
It is well-known that hadronic properties change inside the nuclear medium [1] . Although studying these properties should consider QCD, its non-perturbative nature tends to make the calculations difficult. This has motivated the development of several tools to address these inquiries, such as lattice QCD (e.g., [2] ), Schwinger-Dyson formulation (e.g., [3] ), and the formulation of the phenomenological models that capture some of the hadronic constituent properties and make it possible to perform calculations. Among such models, we can distinguish those based on the AdS/CFT correspondence [4] [5] [6] [7] .
The holographic dual of QCD is currently unknown, but we can use the AdS/CFT idea to build bottomup phenomenological models that simulate some of the most important attributes of non-perturbative QCD as well as hadronic physics. These approaches are called AdS/QCD models. A close look at the literature reveals that AdS/QCD models have been successfully applied to a wide range of hadronic phenomenology. For example, hadrons in vacuum hadrons at zero temperature (e.g., see [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ), at finite dense (e.g., see [22-26, 49, 50] ) and at finite temperature hadrons (e.g., see [29] [30] [31] [32] [33] [34] 55] ). In these models, in-medium properties are enclosed by the geometric background where the excitations, dual to the hadrons of interest, live.
From the gravitational point of view, the metric and the dilaton field define the background. Both of them are related dynamically as solutions of the equations of motion obtained from the Hilbert-Einstein action variations [36] [37] [38] [39] [40] [41] [42] , but in the holographic of a phenomenological AdS/QCD-like context, it is common to use static dilatons (which are not related to the metric) (e.g., see [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] ) to softly break the conformal symmetry, but such a field is not considered part of the background able to catch medium properties that affect the hadrons studied in these models. * alfredo.vega@uv.cl † miguelangel.martin@uv.cl
The approximation that considers the nuclear medium effects on the hadronic properties usually includes additional fields in the bulk, the influence of the nucleus on a hadron in such a medium to be adapted holographically. [43] . This last idea leads to a specific metric called thermal charged AdS (tcAdS) [44] [45] [46] . Using this proposal it was possible to address some hadronic properties [47] [48] [49] [50] [51] [52] [53] .
The approach developed here is different, and it is motivated by three phenomenological aspects that can be implemented simply and consistently in an AdS/QCD model with a quadratic dilaton if one opens to the possibility of, as being part of the background, the dilaton can capture properties of the medium and complement the information enclosed in the metric. First, by looking at the QCD phase diagram, at low temperatures hadrons in vacuum and hadrons inside nucleus are in the same region [54] . This implies that the holographic formulation of in-medium hadrons could be addressed by using asymptotically AdS spaces, as the ones used in AdS/QCD soft wall-like models, and properties of the medium could be enclosed in the other background ingredient at hand: the dilaton field. In a previous work, we considered this idea in the context of finite temperature (that we called thermal dilaton), that makes it possible to study the melting temperature of hadrons inside a thermal bath [? ] . This approximation could be useful in upgrading the AdS/QCD models at finite temperature.
Second, hadron masses, which in medium vary with the medium density according to specific scaling rules [1], can be implemented easily in the quadratic dilaton context and by considering a small change in the scalar field used to break the conformal invariance.
And third, the currents that define the nucleon form factors, in vacuum or in medium, with the same structure [56] . This suggests that on the AdS side, the interaction terms that give rise to the form factors also have the same structure. Therefore, the expressions for the form factors in terms of the bulk fields should be similar.
In this work, following the previous discussion, we propose a simple extension of the quadratic dilaton, altogether with the AdS/QCD model used to study the proton electromagnetic properties. As in many of the soft arXiv:1812.00642v1 [hep-ph] 3 Dec 2018 wall models, we consider a static dilaton whose functional form is chosen to reproduce the mass spectrum observed. In this case, it follows the scaling rule given in [1] , which in the case of the holographic models with a quadratic dilaton, is easy to implement. To do so, it is enough to change the parameter used to define the kind of dilaton, giving as a result a dilaton that depends on the density, that we call a nuclear dilaton. This new dilaton captures some of the properties of the nuclear medium we are interested in. With this dilaton, we used the results reported in [58, 59] to study electromagnetic properties of nucleons, obtaining good results.
This work is structured as follows: in section II we show the phenomenological framework that led us to the modifications of the holographic models, namely the QCD phase diagram, the scaling rules and the proton form factors. In section III we discuss how to modify the soft wall model with a quadratic dilaton according to the phenomenology discussed in section II. Finally, in section IV we give conclusions and final remarks about this work.
II. PHENOMENOLOGICAL FRAMEWORK
In this section, we will show the phenomenological background that motivates us to suggest how the dilaton can be modified to enclose the medium properties where the hadron of interest lives. We will focus on protons.
A. Nucleons and QCD Phase diagram
By observing the QCD phase diagram [54] , it is possible to note that, at low temperatures and densities close to the nuclear medium, nucleons live in this region, and do not experience any phase transition.
These ideas led us to explore the possibility of studying hadrons in the nuclear medium with the AdS/QCD models, where the metric used to study them is the same as the one employed in vacuum, with the extra ingredient that the nuclear medium properties can be captured in another background field, the dilaton.
B. Hadron masses in nuclei
The hadron mass (M * ) inside the atomic nucleus varies according to the scaling rule, that in the case of the proton, takes the following form:
where M is the mass in the vacuum, ρ B is the medium density and ρ 0 is the nucleus density.
This scaling in hadron masses can be implemented in a straightforward way in AdS/QCD models with quadratic dilaton. (N = p, n labels proton and neutron) are conventionally defined by the matrix element of the electromagnetic current 
and
At Q 2 = 0 the last Sach form factor defines the magnetic moment in nuclear magneton units.
In order to consider medium effects, we use an asterisk to establish a difference with quantities in the vacuum. Assuming that a baryon is quasi-free in the nuclear medium, the electromagnetic current for protons can be expressed as [56] p |J As in the vacuum, we define the electric and magnetic form factors as
where in the last expression an additional factor was included in order to translate the magnetic moments into nuclear magneton units to more easily compare with the vacuum results. The structure of the currents that define the electromagnetic form factors is the same in both cases. On the other hand, in soft wall-like models, the interaction terms that give rise to such electromagnetic form factors should have the same structure also. Therefore, these observations make it possible to adapt the existent finite temperature and zero density models to perform calculations for the hadronic properties in nuclear medium.
III. SOFT WALL-LIKE MODEL FOR NUCLEAR MEDIUM
In AdS/QCD soft wall-like models with an AdS metric and a quadratic dilaton, the nucleon spectrum is calculated as follows [58] :
On the other hand, as we mentioned above, the nucleon mass M * inside a nucleon varies according to [1]
By comparing these two equations, we infer that the in-medium nucleon mass can be written as
where
The latter suggests to us that the effect of the rest of the nucleus on the hadron of interest can be addressed in a soft wall-like model using a different definition of the dilaton field worked to study hadrons in the vacuum, that we call nuclear dilaton, since it captures some properties of the nuclear medium where the hadron is living.
Considering that the hadrons in which we are interested and those in the vacuum are close in the QCD phase diagram, and given that there is no phase transitions, in other words, we are still in the confined phase, we do not change the AdS metric to an AdS-Schwartzchild black hole [57] . This allows us to use the soft wall results at zero temperature and zero density with a slight modification to obtain the hadronic properties of hadrons in atomic nuclei. In our case, we will use the approach discussed in [58] to calculate properties of protons in medium. Therefore, using (11) the mass turns out to be (1). Thus, we can calculate the electromagnetic form factors using the expressions
In this work we must take into account the contribution coming from the valence part, so we used the expressions given in [58] , considering τ = 3. This leads us to functions C * i Q 2 , which are given by
where we used the κ * parameter for the nuclear medium to calculate V * (Q, z) and f * L/R (z). By considering the part with τ = 3 only, some of the parameters are changed with respect to those used in [58] , and throghoutt this paper we take g v = 0.3, η 
IV. CONCLUSIONS
In AdS/QCD models, the properties of hadrons in dense media or finite temperature, in general, consider dealing with AdS black hole (AdS-BH) geometries. In the case of temperature only, we have two possible solutions: thermal AdS for the confined phase and AdSSchwartzchild black hole in the deconfined phase [57] , and there is also the themal charged AdS (tcAdS) [44] [45] [46] , which is sometimes used to calculate properties of hadrons in nuclear media. In all of these cases, medium properties are coded exclusively in metric. Although dilatons used in most AdS/QCD models are static, it should be remembered that there are background fields (which in dynamical models are related to metric) and as part of the background we suggest they could be a complement to metric, capturing part of the medium properties, and in this way they can help describe hadron properties in medium and/or finite temperature.
To the best of our knowledge, the only attemp to incorporate part of medium properties in a dilaton was done in [? ] , where the authors consider a thermal dilaton, i.e., a dilaton that depends on temperature also, and they show with this it is possible to modify melting hadron temperatures.
In this paper, we explore the same idea to study proton properties inside the atomic nucleus, and we consider a modified dilaton taking into account three phenomenological aspects that suggest a simple modification in AdS/QCD models with an AdS metric and a quadratic dilaton. As illustrated in Figures I and II, this yields good quantitative results. The hadron mass is increased with nuclear density, magnetic moments are reduced and the electromagnetic form factors follows a similar behavior obtained with other approaches.
In future studies, we plan to delve more deeply into other proton properties in the nucleus with the extension suggested in this paper, and also to study properties of other hadrons.
